Background: Therapeutic hypothermia (TH) is becoming standard of care in newborns with hypoxic-ischemic encephalopathy (HIE). The prognostic value of the EEG and the incidence of seizures during TH are uncertain.
assessment and its sensitivity for hypoxicischemic injury in the first 48 hours of life is limited. A single EEG recording during the first week of life in noncooled infants with HIE, [12] [13] [14] and in infants with HIE treated with TH, 15 may help predict neurologic outcome. However, continuous video-EEG monitoring is the gold standard for evaluating brain function and for recording electrographic seizures in neonates with HIE 16, 17 and it has not yet been reported in neonates with HIE undergoing TH.
Our aim was to describe the evolution of the EEG background during TH and rewarming and to determine the incidence of electrographic seizures in newborns with HIE treated with moderate hypothermia. We also sought to determine the prognostic value of EEG background during TH using brain MRI as an early outcome measure.
METHODS Consecutive newborns with HIE who underwent TH with whole-body cooling at University of California, San Francisco (UCSF), between November 2007 and July 2009 were included in this cohort study. Our TH clinical protocol is based on published trials. 3, 4 Selection for TH included 1) Ն36 weeks gestational age at birth, 2) any of the following: cord or first gas pH Ͻ7.0, cord or first gas base deficit Ͼ12, 10-minute Apgar score Ͻ5, or prolonged resuscitation, and 3) moderate to severe encephalopathy within 6 hours of birth. Exclusion criteria included suspected or known congenital malformation and inborn errors of metabolism. TH was initiated as soon as possible after birth at UCSF or at the time of referral from the outside hospital and consisted of whole-body moderate hypothermia (Cincinnati Sub-Zero Blanketrol III) (target temperature 33.5°C) for 72 hours followed by rewarming over approximately 6 hours. All patients received morphine infusion throughout TH to prevent discomfort and shivering (10 -25 g/kg/h, with boluses as needed). Clinical and electrographic seizures were treated with antiepileptic drugs (AEDs) including lorazepam, phenobarbital, fosphenytoin, and levetiracetam according to institutional guidelines. Clinical data were extracted from medical records.
Standard protocol approvals, registrations, and patient consents. The Committee on Human Research at UCSF ap-
proved the retrospective review of the clinical, EEG, and imaging data for this study.
Video-EEG monitoring. Video-EEG was initiated as soon as possible after admission to the nursery. As part of our clinical protocol, infants are continuously monitored with a NicoletOne video-EEG system throughout TH and rewarming. A trained technician applied surface electrodes according to the international 10 -20 system, modified for neonates. EEG recordings were interpreted by a pediatric neurophysiologist (J.S.) for clinical use in the acute setting. Using stored files, full video-EEG recordings were scored in a standardized fashion by a pediatric neurophysiologist (M.R.C.) blinded to all clinical factors except patient age. Predominant background pattern and occurrence of electrographic seizures and status epilepticus (SE), with or without clinical manifestations, were reported in 6-hour intervals with the initiation of recording as time "0." Clinical seizures without EEG correlates were not considered. For the analysis, we used the initial 6-hour interval (beginning of cooling), the 24-to 30-hour interval (midcooling), the last interval prior to rewarming (end of cooling), and the first interval after rewarming (postcooling). A seizure was defined as a repetitive, evolving, and stereotyped pattern, with a definite beginning and end, a minimum duration of 10 seconds, and a minimal amplitude of 2 V. 18, 19 SE was defined as continuous seizure activity for at least 30 minutes or recurrent seizures for over 50% of 1-3 hours of recording time. 20 EEG background was classified into 5 patterns as previously described 21, 22 : 1) normal pattern for gestational age, including recordings with transient periods of discontinuous activity occupying less than 50% of the recording, with presence of distinct state changes; 2) excessively discontinuous, with persistence of discontinuous activity occupying more than 50% of the recording and consisting of bursts of normal activity separated by abnormally long, interburst intervals of more than 6 seconds duration, and amplitude Ͻ25 and Ͼ5 V, with poor state changes; 3) depressed and undifferentiated, with persistently low-voltage background activity with amplitude between 5 and 15 V and without normal features; 4) burst suppression (BS), invariant and unreactive pattern of bursts of paroxysmal activity with mixed features but no age-appropriate activity lasting less than 10 seconds alternating with periods of marked voltage attenuation with amplitude Յ5 V; 5) extremely low voltage, invariant and unreactive pattern, with amplitude Ͻ5 V or with no discernible cerebral activity.
Brain MRI. Infants were imaged shortly after rewarming (median of 5 days of life) using a specialized neonatal head coil on a 1.5-Tesla Signa EchoSpeed system (GE Medical Systems). Imaging sequences included T1-and T2-weighted MRI and diffusion-weighted imaging. A pediatric neuroradiologist (A.J.B.), blinded to the clinical history, evaluated all images. Injury was scored using a system strongly predictive of neurodevelopmental outcome following neonatal HIE. 23 We defined normal to mild MRI injury as basal ganglia/thalamus score Ͻ2 and watershed score Ͻ3 and moderate to severe MRI injury as basal ganglia/thalamus score Ն2 (involving both the thalamus and the lentiform nucleus) or watershed pattern Ն3 (involving both watershed cortex and white matter). A similar classification was highly predictive for neurologic disability at 18 months of age in newborns with HIE treated with hypothermia. 11 Statistical analysis. All analyses were performed with STATA software (Stata 10.1, Stata Corporation, College Station, TX). 2 and Fisher exact tests were used to compare dichotomous variables, and t test was used for continuous variables. Wilcoxon rank sum test (Mann-Whitney U) was used to compare nonparametric data. Receiver operating characteristic (ROC) curves were used to assess the prognostic value of EEG background patterns at each time interval. We considered significant a p value Ͻ 0.05.
RESULTS Patient population.
During the study period, 49 newborns were treated with hypothermia and 46 had continuous video-EEG available for review. Of these, 41 were evaluated with MRI. Five infants who were deceased following redirection of care and were not studied with MRI were excluded. Four of them had an initial extremely low voltage cerebral activity, and one had BS pattern, both persisting for more than 24 hours. Their clinical severity was similar to those with persistent BS or extremely low voltage activity and moderate to severe MRI injury. Clinical characteristics of newborns with respect to brain injury are presented in table 1. Mean hour of life to reach target temperature was 5.2 Ϯ 1.9.
Video-EEG monitoring. EEG monitoring was initiated at a mean of 10.2 Ϯ 2.9 hours of life. All infants reached target temperature before or within 1 hour after EEG initiation. Mean duration of monitoring was 90.9 Ϯ 28.2 hours. Nine infants received AEDs prior to the onset of EEG monitoring, and one of them subsequently developed subclinical seizures. In 2 newborns, monitoring was discontinued prior to rewarming.
EEG background pattern. From the beginning of cooling to rewarming, the background improved in 19 newborns (49%), remained the same in 15 (38%), and worsened in 5 (13%). EEG background pattern and the burden of moderate to severe MRI injury at each time interval are presented in table 2. The background pattern for newborns with moderate to severe injury was significantly worse than for those with no or mild injury for all monitoring time points (table 3) . The sensitivity and specificity of EEG background at specified time intervals was greatest at midcooling and beyond (table 4) .
Beginning of cooling. None of the newborns with a normal background at the beginning of cooling had moderate to severe injury. Of the 15 newborns with an excessively discontinuous pattern, 4 (27%) had moderate to severe injury, 5 had mild injury, and 6 were normal. In contrast, of the 14 newborns with BS or extremely low voltage patterns, 9 (64%) had moderate to severe injury. Of these, 4 had maximal MRI injury scores. Interestingly, 5 newborns with BS or extremely low voltage patterns at the beginning of cooling had a normal MRI or only mild injury. In all 5 cases, however, the EEG improved by 12-18 hours of recording, and in 3 of them the background normalized by midcooling.
Midcooling. One newborn whose EEG had normalized by this interval from a discontinuous background at the beginning of cooling had moderate to severe MRI injury; none of the remaining 14 newborns with a normal EEG during midcooling had moderate to severe injury. Of the 13 infants with a discontinuous EEG, again about one-quarter (23%) had moderate to severe injury, accounting for 2 infants whose background was unchanged from the beginning of cooling and an additional infant whose initial background was depressed and undifferentiated. By this time period, all newborns (7/7, 100%) with BS or extremely low voltage patterns had moderate to severe injury, with 3 having maximal MRI injury scores.
End of cooling. Moderate to severe MRI injury was present in 1 of the 12 infants (8%) whose background was normal and 3 of the 16 infants (19%) whose background was excessively discontinuous, compared with all 5 (100%) whose background showed BS or extremely low voltage.
Postcooling. During this interval, the same newborn with a normal background (6%) and the same 3 newborns with a discontinuous background (27%) had moderate to severe injury. All 6 infants with BS Nonsurviving infants. Among the 5 nonsurviving infants, 4 had persistent BS or extremely low voltage backgrounds throughout the duration of monitoring and maximal MRI injury, and goals of care were redirected to comfort measures. One infant had an excessively discontinuous background at the initiation of monitoring, depressed and undifferentiated by midcooling, with less severe MRI injury. Goals of care were redirected due to persistent multisystem failure. DISCUSSION This study demonstrates that continuous video-EEG recording is an important diagnostic and prognostic tool in newborns with HIE undergoing TH. In our cohort, EEG background was associated with early MRI findings throughout the treatment period. A normal EEG was associated with no or mild MRI brain injury at all time points, although a normal background at the beginning of cooling was even more predictive of a favorable MRI outcome (100% specific) than at later time points (93% specific), as the EEG background of one newborn with moderate to severe MRI injury improved from excessively discontinuous to normal over the first 24 hours of monitoring. In contrast, the prognostic value of a BS pattern or extremely low voltage background for moderate to severe injury increased from the beginning of cooling (81% specific) to midcooling and thereafter (100% specific), reflecting 5 newborns with these concerning patterns at the onset of monitoring who rapidly improved by midcooling and were spared from moderate to severe MRI injury. The greatest prognostic value of EEG background in this population for predicting moderate to severe MRI brain injury was not achieved until midcooling, highlighting the importance of continuous monitoring or sequential EEGs in this population. Our findings are substantiated by prior studies in noncooled infants with HIE, which demonstrated that a normal EEG within the first 2-7 days of life is associated with favorable developmental outcome and a severely abnormal EEG (BS or extremely low voltage) on the second day of life or thereafter is associated with poor outcome. [12] [13] [14] 24 The few studies that reported EEG background in this population within the first 24 hours of life 17, 25, 26 showed a relatively poor specificity for adverse developmental outcome following a severely abnormal background during the first 12 hours of life because of EEG normalization by 12 to 24 hours of life in some infants with normal outcome. Similarly, in our cohort, a BS or extremely low voltage EEG was not highly predictive for moderate to severe MRI injury until the second day of life, around the time of midcooling. This finding is supported by a prior study evaluating EEG during hypothermia in neonatal HIE by a single sample recorded sometimes in the first 48 hours of life, which found that a background of Ͻ5 V was associated with death or major neurologic disability. 15 Similarly, a recent study evaluating the prognostic value of amplitude-integrated EEG in newborns with HIE exposed to normothermia compared to those treated with TH showed that a severely abnormal background pattern in the hypothermia-treated group was not specific for abnormal developmental outcome until 48 hours of life. 27 Our findings differ from prior studies of noncooled newborns with HIE in 2 main ways. First, prior studies have shown that a discontinuous EEG in the first several days of life is often associated with poor outcome, [28] [29] [30] [31] whereas the majority of newborns in our cohort (73%) with an excessively discontinuous pattern after rewarming had no or only mild MRI injury. While it is difficult to directly compare our study to prior studies given the differences in methodology and the wide range of definitions of discontinuous background in the literature, the outcome of newborns with an excessively discontinuous background appears to be different in newborns treated with hypothermia. Interestingly, clinical encephalopathy on the fourth day of life following TH has also been shown to be less predictive of outcome in cooled infants compared to noncooled infants. 8 Second, in comparison to the single study of continuous EEG monitoring in noncooled newborns with HIE which showed improvement of the background pattern over the first 3 days of life in all newborns, 17 the background worsened over the course of monitoring in 13% of newborns in our cohort. Whether the EEG differences seen in our cohort of infants with HIE and cooling are attributed to hypothermia itself or the evolution of injury in this population is uncertain.
Electrographic seizures were present in 34% of newborns during TH, and continuous video-EEG revealed that almost 50% of newborns with seizures, including 3 with SE, had seizures without clinical correlate. Although experimental studies showed a potent effect of hypothermia in controlling seizures, 32,33 a high incidence of seizures has been reported in children during TH. 34 This discrepancy may be related to the earlier and deeper cooling used in animal models. 32, 33 Most studies rely on clinical evaluation for seizure diagnosis and classification of seizure severity in newborns. 35, 36 However, it is known that the majority of seizures, especially in critically ill infants, do not have a clinical correlate and will not be recognized without continuous EEG. 16, 37, 38 Moreover, it is often impossible to accurately differentiate between seizure-related and nonseizure movements in infants using clinical evaluation alone. 39 While isolated or recurrent seizures were recorded in more than 50% of infants with moderate to severe brain injury, not all were associated with moderate to severe brain injury. In contrast, all newborns with SE had severely abnormal MRI. These results are in keeping with a recent work suggesting that a significantly worse outcome occurs in newborns with SE compared to newborns with recurrent seizures. 20 There are several limitations to our study. First, due to the referral pattern at our institution, newborns did not start monitoring at the exact same time in the first day of life. However, in most of our patients, monitoring was initiated within the first 12 hours of life. Second, an excessively discontinuous background by our system encompassed a broad range of interburst intervals. Therefore, it is not surprising that a discontinuous pattern was a relatively poor predictor of MRI brain injury. Third, we used MRI as a short-term outcome measure and do not yet know the long-term outcome in this cohort. It has been reported that hypothermia does not affect the prognostic value of MRI in newborns with HIE. 11 However, long-term developmental follow-up of this cohort is needed to confirm our results. Finally, as many patients with poor EEG backgrounds and moderate to severe brain injury were treated with AEDs, we were unable to assess whether depressed background activity was an effect of medication or due to underlying brain injury.
EEG monitoring in newborns is noninvasive, provides data from the entire cortex, and can be easily performed at the bedside. Our findings underscore the importance of continuous EEG monitoring in this population to assist with seizure management and discussions regarding prognosis and goals of care. Even in the setting of hypothermia, EEG remains a strong predictive tool, and its routine use alongside clinical evaluation and MRI is warranted.
Establishing consensus on neonatal EEG nomenclature and classification will help future studies on the prognostic value of EEG during TH. Particularly, further analysis and revalidation of the excessively discontinuous pattern in neonates being treated with HIE is warranted. Given emerging data suggesting that seizures may be associated with increased brain injury following neonatal HIE, 35, 36, 40 accurate seizure detection is becoming an important issue in the context of neuroprotection. Future studies that evaluate whether rapid and effective treatment of seizures will improve neurologic outcome will rely on continuous EEG monitoring. 
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